It is unknown to which extent phototrophic Fe(II) oxidation takes place in the simultaneous presence of organic electron donors (e.g., acetate/lactate). Therefore, the photoferrotrophic strain Rhodopseudomonas palustris TIE-1 was inoculated with various combinations of Fe(II), acetate and lactate to understand metabolic substrate preference. When acetate was provided together with Fe(II), TIE-1 consumed acetate first before Fe(II). When provided lactate plus Fe(II), TIE-1 consumed both substrates in parallel. When all three substrates were provided in one culture, TIE-1 used all substrates simultaneously. Our study suggests that the availability of alternative electron donors in addition to ferrous iron limits phototrophic iron oxidation.
Introduction
Iron is an important redox-active transition metal for all living organisms, acting as an essential nutrient and able to serve as an electron source for Fe-metabolizing microorganisms (Kappler and Straub 2005; Konhauser et al. 2011; Weber et al. 2006) . At neutral pH, the two environmentally most common iron redox species are ferric (Fe(III)) and ferrous iron (Fe(II)). Ferrous iron is swiftly oxidized abiotically to ferric iron by molecular oxygen at neutral pH (Davison and Seed 1983) . Under microoxic and anoxic conditions, microbial Fe(II) oxidation processes become dominant over abiotic Fe(II) oxidation by oxygen (Druschel et al. 2008) . Two distinct metabolic groups are capable of Fe(II) oxidation and Fe(III) mineral formation under anoxic conditions; nitrate-reducing Fe(II)-oxidizers (Straub et al. 1996) and photoferrotrophs (Ehrenreich and Widdel 1994; Widdel et al. 1993) .
Photoferrotrophy requires light energy, bicarbonate as electron acceptor and carbon source and Fe(II) as electron donor: HCO 3 ¡ C 4 Fe 2C C 10H 2 O ! hv <CH 2 O> C 4 Fe (OH) 3 C 7 H C (Widdel et al. 1993 ) and produces poorly crystalline ferric oxyhydroxides (Kappler and Newman 2004) . Photoferrotrophs are widespread throughout many environmental ecosystems which contain ferrous iron, bicarbonate and organic carbon (Caiazza et al. 2007; Cockell et al. 2011; Crowe et al. 2008; Ehrenreich and Widdel 1994; Hegler et al. 2012; Jiao et al. 2005; Salka et al. 2011; Waidner and Kirchman 2007) . Therefore, their requirement for Fe and C potentially plays an important role in modern-day environmental biogeochemical carbon and iron cycling. In addition, their aptitude for anaerobic photoautotrophic Fe(II) oxidation may have played a leading role in the deposition of Precambrian banded iron formations (BIFs) (Crowe et al. 2008; Konhauser et al. 2002; Posth et al. 2008; Posth et al. 2013) .
Several phototrophic strains isolated from the environment are capable of ferrous iron oxidation including: the green sulphur bacterium Chlorobium ferrooxidans strain KoFox (Heising et al. 1999) , the purple sulphur bacterium Thiodictyon sp. strain F4 (Croal et al. 2004 ) and the purple non-sulphur bacteria Rhodobacter ferrooxidans sp.strain SW2 (Ehrenreich and Widdel 1994) and Rhodopseudomonas palustris strain TIE-1 (Jiao et al. 2005) . So far, the role these phototrophic Fe(II)-oxidizers play in environmental iron and carbon redox cycling is largely unknown.
Purple non-sulphur bacteria (PNSB) such as those in the Rhodopseudomonas genus are well known for their metabolic flexibility (Oda et al. 2008 ) which enables them to oxidize a variety of inherently different electron donors including organic compounds, hydrogen and hydrogen sulphide (Zinder and Dworkin 2006) . PNSB are found in habitats that naturally contain inorganic electron donors as well as organic carbon. For instance, ferrous iron concentrations in freshwater lake sediments are approximately 200 § 70 mM (Gerhardt et al. 2005 ), yet organic acids like acetate are present in the range of 50 to 680 mM, and lactate has been measured at around 100 mM (Melton and Kappler unpublished data; Montag and Schink personal communication, September 2012) . As a consequence, the role of PNSB in the carbon cycle is defined not only through phototrophic carbon dioxide fixation, but also by their ability to oxidize organic acids as alternative electron donors. So far, it is unknown whether they exhibit a preference or sequential order to electron donor oxidation when presented with multiple electron donors simultaneously.
The purple non-sulphur alphaproteobacterium Rhodopseudomonas palustris strain TIE-1 was isolated from School Street Marsh in Woods Hole, MA, in the presence of light with Fe(II) as electron donor (Jiao et al. 2005) . The threegene pio operon is instrumental to Fe(II) oxidation in this strain (Bose and Newman 2011; Jiao and Newman 2007) . Like other PNSB, strain TIE-1 oxidizes many different electron donors under anoxic conditions in the presence of light including organic acids (e.g. lactate, acetate) and inorganic electron donors such as Fe(II) and H 2 (Jiao et al. 2005) . This makes strain TIE-1 an ideal candidate to investigate metabolic preference of PNSB.
To determine under which conditions R. palustris strain TIE-1 oxidizes Fe(II) in the presence of organic compounds such as lactate and acetate, this study focuses on the cultivation of R. palustris strain TIE-1 both in the presence of either Fe(II), acetate or lactate, or with combinations of two or three of these electron donors. We used substrate concentrations typically employed in laboratory studies in the range of 10-20 mM lactate and acetate, and 4-6 mM Fe(II) which have been shown to support growth of other Rhodopseudomonas palustris strains (Albers and Gottschalk 1976; Jiao et al. 2005; McKinlay and Harwood 2010) .
Materials and Methods

Media, Culture Conditions, and Experimental Setup
Two liters of growth medium for strain TIE-1 (Jiao et al. 2005) were prepared, which also included the addition of 1 mL¢L ¡1 trace element solution, 1 mL¢L ¡1 vitamin B12 solution and 10 mL¢L ¡1 of an altered vitamin solution (Ehrenreich and Widdel 1994) which contained 50 mg¢L ¡1 riboflavin. The vitamin solution was diluted 10-fold compared to the original recipe. One liter of the medium was amended with Fe(II)Cl 2 to reach a final concentration of 10 mM Fe(II) and was left to equilibrate and form iron carbonate and iron phosphate precipitates for 48 hours (Hohman et al. 2010 ). Subsequently, the medium was filtered in an anoxic glovebox under N 2 , resulting in a clear Fe(II)-containing medium of approximately 5 mM dissolved Fe(II). The other liter of the medium was not amended with Fe(II) and was therefore not filtered and Fe(II)-free. Various combinations of acetate and lactate were added to the non-Fe(II)-containing medium and to the Fe(II)-containing medium (Table 1) .
The initial total organic acid concentration was either 20 mM acetate, 20 mM lactate or a mix of 10 mM acetate plus 10 mM lactate. Set-ups were prepared in duplicates of 50 mL each, sealed with butyl rubber stoppers and flushed with an N 2 /CO 2 (90:10) headspace. Duplicate sterile set-ups containing no inoculum were run to check for chemical oxidation. Rhodopseudomonas palustris strain TIE-1 was kindly provided by Dianne Newman's group (Caltech) and was precultured for phototrophic growth with H 2 as the electron donor by inoculation into the non-Fe(II)-containing medium (described above) with a headspace of H 2 /CO 2 gas (80:20) , and incubated at 23 C for 10 days. The culture was transferred twice and cultured under the same conditions before inoculation (10 7 cells¢mL
¡1
) into the main experiment from the exponential phase. The incubation time was 22 days at 23 C under constant light (True Light 15 W/5500 K).
Analytical Methods
From each culture bottle, 2-mL samples were taken regularly in an anoxic glovebox (100% N 2 ) for 21 days ( Figure 1 ). Total Fe(II)/Fe(III), dissolved Fe(II)/Fe(III), cell numbers and organic acids were analyzed. All samples, biotic and abiotic, were treated identically. The headspace was regularly replenished with N 2 /CO 2 gas (90:10), and the pH stayed at around 7 throughout the experiment [regularly measured inside the glovebox with pH indicator strips (Merck)]. Total iron samples were first dissolved anoxically in 1 M HCl by shaking (at 180 rpm) for 24 h before quantification. The supernatant of centrifuged samples (5 min at 15,400 g) was stabilized in 1 M anoxic HCl for dissolved iron measurements and quantified directly after sample collection. Iron was measured by the spectrophotometric ferrozine assay (Stookey 1970 ) in a microtiter plate reader with a 5% error 10 mM 10 mM -TIE-1 medium with 5 mm ferrous iron
10 mM 10 mM Yes Sterile 2£ ---
All setups were performed in duplicate and accompanied by the appropriate duplicate sterile controls.
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(Flashscan 550, Analytik Jena AG Germany). DNA was extracted from 1 mL filtered culture (0.2 mm polyethersulfone membrane filter) for cell number quantification with an ultra-clean microbial DNA isolation Kit (Mo Bio Laboratories Inc., Carlsbad, CA, USA). Quantitative polymerase chain reactions (qPCR) were performed using general bacterial 16S rRNA primers to quantify the total number of cells over time (as in Emmerich et al. 2012) , calibrated with a plasmid standard of a clone 16S rRNA fragment. Acetate and lactate were quantified by high performance liquid chromatography (Bio Rad Aminex HPX-87H Ion Exclusion Column and 5 mM H 2 SO 4 eluent).
Results
Oxidation of Fe(II), Acetate or Lactate as Single Electron Donors by R. palustris TIE-1
To assess the use of individual substrates for later comparison with combined substrate configurations, R. palustris was grown first with single electron donors. Oxidation of Fe(II) started immediately after inoculation (Figure 2A) . After a lag-phase of 14 days, the cell density increased exponentially to 1.24 £ 10 8 cells/mL (Figure 2A ). Acetate utilization exhibited a lag phase of 0.9 days ( Figure 2B ) and afterwards proceeded to increase linearly to a maximum of 3.4 £ 10 9 cells/mL ( Figure 2B ). Lactate utilization proceeded immediately ( Figure 2C ), and maintained the initial rate throughout the 21 days of the experiment. The distinct slope increase after 7 days is presumably due to an increase in cell numbers, rather than an increase in oxidation rate per cell. This was confirmed by calculating the maximum Fe(II) oxidation rate per cell which was 5.37 £ 10 ¡10 § 1.38 £ 10 ¡11 mmol ¢ cell ¡1 ¢ day ¡1 , during the first 10 days and 6.76 £ 10 ¡10 § 6.60 £ 10 ¡11 mmol ¢ cell ¡1 ¢ day ¡1 during the last 10 days. Growth with this substrate yielded an increase in cell density Fig. 1 . Sampling scheme of R. palustris strain TIE-1 cultures performed within an anoxic glovebox. A) Bottles were set up in duplicates and a 2 ml sample was taken from each bottle at each timepoint with an anoxic needle and syringe. B) 1 ml from the sample was pipetted into a sterile Eppendorf tube for DNA extraction. C) 0.2 ml sample was dissolved in 0.8 ml of 1 M anoxic HCl in order to stabilize the iron redox speciation and measure the total Fe content. D) The remaining sample was centrifuged after which the supernatant was sampled for E) Organic acid analyses and F) the dissolved Fe phase speciation was stabilized in 0.2 ml 1 M HCl. proportional to lactate utilization ( Figure 2C ) with a maximum density of 2.9 £ 10 9 cells/mL ( Figure 2C ). In the uninoculated control setups, the substrate concentrations remain the same throughout the incubation time (Figure 2) .
Utilization of Binary Combinations of Electron Donors by R. palustris Strain TIE-1
Simultaneously providing an organic acid and ferrous iron resulted in different oxidation patterns for the acetate and ferrous iron and lactate and ferrous iron scenarios (Figure 3 ).
Acetate and Fe(II)
In the presence of Fe(II), acetate oxidation proceeded after a lag-phase of 0.9 days ( Figure 3A) , similar to when offered as the only electron donor ( Figure 2B ) and ferrous iron oxidation followed after acetate oxidation. Ferrous iron oxidation did not start before all acetate disappeared, resulting in a 7-day delay. Cell numbers increased after a 3-day lag phase to a maximum density of 2.7 £ 10 9 cells/mL ( Figure 3A ). In absence of TIE-1 inoculum, the substrate concentrations remained stable throughout the incubation time ( Figure 3B ).
Lactate and Fe(II)
In the presence of Fe(II) and lactate, lactate consumption proceeded instantly and continued throughout the 21 days when offered in combination with ferrous iron. In contrast to ferrous iron oxidation in the presence of acetate, iron oxidation in the presence of lactate proceeded immediately. The distinct increase in the Fe(II) oxidation rate after 10 days is presumably due to an increase in cell numbers rather than to an increase in the oxidation rate per cell ( Figure 3B ). The cell density increased after a lag-phase of 3 days until it reached a maximum of 2.4 £ 10 9 cells/mL ( Figure 3B ). Ferrous iron oxidation occurred parallel to lactate oxidation from the beginning of the experiment. In absence of TIE-1 inoculum, the substrate concentrations remained stable throughout the incubation time ( Figure 3D ).
Acetate and lactate
When the two organic electron donors acetate and lactate were offered simultaneously, acetate consumption commenced after a short lag phase of 0.9 days ( Figure 4A ). Lactate consumption proceeded immediately and acetate and lactate were used simultaneously; however, acetate was fully consumed before lactate. Cells grew after a lag phase of 3 days to a maximum density of 3.9 £ 10 9 cells/mL ( Figure 4A ). In absence of TIE-1 inoculum, the substrate concentrations remained stable throughout the incubation time ( Figure 4B ).
Substrate Utilization in the Simultaneous Presence of Fe(II), Acetate and Lactate
When R. palustris strain TIE-1 was provided with Fe(II), acetate and lactate simultaneously, all electron donors were oxidized in parallel ( Figure 4B ). Ferrous iron and lactate oxidation proceeded immediately, whilst acetate oxidation Melton et al.
started after a short lag phase of 0.9 days, similar to all other setups containing acetate. Cell density followed a linear increase without a lag-phase to a maximum of 2.9 £ 10 9 cells/mL at the end of the experiment ( Figure 4B ).
Discussion
Simultaneous and Sequential Oxidation of Fe(II) and Organic Electron Donors
The order of electron donor consumption depended on the identity of the organic electron donors and the presence of ferrous iron. The observations from Figures 2-5 are not due to any bias towards a certain metabolism, as the pre-culture was grown photoautotrophically with hydrogen, an electron donor not present in these culture experiments. It has been recognized since 1994, shortly after the discovery of photoferrotrophy (Widdel et al. 1993) , that Rhodobacter strain SW2 first oxidizes acetate (1 mM) followed by ferrous iron (10 mM) (Ehrenreich and Widdel 1994) , and that PNSB growth is greatly enhanced by ferrous iron in the presence of an organic co-substrate (Heising and Schink 1998) . More recently, it was shown that the addition of hydrogen impedes ferrous iron oxidation by photoferrotrophs and that the extent of inhibition was dependent on the bicarbonate concentration present (Croal et al. 2009 ). This has prompted the assumption that there could be a kinetic factor in the chemical competition for electron donation, i.e., when the electron acceptor (e.g., the bicarbonate or CO 2 ) is limiting, H 2 may kinetically outcompete Fe(II) for oxidation by the electron transport chain (Croal et al. 2009 ). Another PNSB, R. capsulatus, is able to survive on a photomixotrophic metabolism with Fe(II)-NTA and acetate using the electrons from Fe(II) and deriving carbon both from organic sources and from fixation of inorganic carbon (Kopf and Newman 2012) .
The incorporation of lactate into biomass via the citric acid cycle requires its oxidation from lactate to pyruvate catalyzed by lactate dehydrogenase. Pyruvate can then be further decarboxylated to acetyl CoA by pyruvate dehydrogenase, or carboxylated to oxaloacetate by pyruvate carboxylase (Campbell and Reese 2002) . Acetate, on the other hand, is converted to acetyl CoA by one enzyme called acetyl CoA synthase (Campbell and Reese 2002) . Ferrous iron is oxidized in R. palustris through the three-gene pio operon (Jiao and Newman 2007) . The oxidation of ferrous iron yields 1 mol of electrons per mol of ferrous iron that is oxidized. Organic compounds on the other hand are able to provide a larger amount of mol electrons per mol of organic compound oxidized. One mol of acetate oxidation yields 8 mol electrons, yet one mol of lactate oxidation yields 12 mol electrons. Therefore, it is possible that a preferential use of an organic substrate can be masked due to its excess supply of electrons compared to ferrous iron, i.e., Fe(II) could be depleted earlier only due to the small amount of electrons it can supply.
We found that R. palustris strain TIE-1 clearly exhibits a preference towards the organic electron rich donor acetate, as its consumption precedes the electron poor ferrous iron oxidation ( Figure 3A ). There is no clear preference of lactate over ferrous iron, as they disappear simultaneously from the solution ( Figure 3C ). However, as ferrous iron is completely consumed before lactate, this may represent a slight preference for ferrous iron over lactate which could be due to a kinetic effect caused, e.g., by the difference in the number of electrons in ferrous iron and lactate, properties of the different enzymes needed for lactate or Fe(II) oxidation, or uptake mechanisms in both processes.
When all three electron donors were present simultaneously, the electron-rich substrate lactate was consumed before Fe(II) (Figure 4C ), indicating a preference for lactate. This could be due to similarities in the pathways of acetate and lactate oxidation, where enzymes needed for the citric acid cycle following the conversion of acetate to acetyl CoA can immediately also process the acetyl CoA or oxaloacetate formed from lactate. These enzymes may not be activated as fast in the absence of acetate. The sequential preference of acetate over Fe(II) utilization ( Figure 3A) is somehow annulled by lactate ( Figure 4C ). Thus, lactate allows the cooxidation of Fe(II) and acetate. Interestingly, the ratio between remaining ferrous iron and acetate in solution is not affected by the presence of lactate, illustrating that acetate is consumed before Fe(II), regardless of the influence of lactate ( Figure 5A ).
In contrast, the ratio between remaining ferrous iron and lactate is affected by the presence of acetate (Figures 5A, 5B ). In the absence of acetate, the Fe(II): lactate ratio becomes smaller over time, meaning that more lactate remains and Fe(II) is consumed faster than lactate. In turn, when acetate is present simultaneously to Fe(II), the Fe(II):lactate ratio becomes larger over time meaning that more Fe(II) remains and lactate is consumed faster than Fe(II). This means that in the presence of acetate, lactate is consumed before Fe(II), yet Fe(II) may be preferred in the absence of acetate and shows that acetate biases the electron donor preference towards the organic compounds. The ratio of acetate to lactate and vice versa, is however not influenced by the presence of iron(II) (Figure 5CD) . Consequently, the preferential order of electron donor consumption for R. palustris comes to: acetate > lactate > Fe(II).
Pathways for Electron and Carbon Flow During Oxidation of Fe(II) in the Presence and Absence of Acetate and Lactate
When strain TIE-1 oxidized Fe(II) in the absence of acetate and lactate, it grew photoautotrophically to a maximum cell density of 1.24 £ 10 8 cells ¢ ml ¡1 (Figure 2A ). The incorporation of carbon into biomass and cell growth during heterotrophic growth can either come straight from the organic carbon through anaplerotic processes fuelled by intermediates from the TCA cycle, or from substrate oxidation followed by CO 2 fixation through the Calvin cycle. Thus, the organic substrates acetate and lactate simultaneously act as electron donors and carbon source. The production of 
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biomass depends not only on the number of reducing equivalents available or rate of substrate oxidation, but also on the mechanisms and pathways required for the synthesis of cellular biomass.
The redox state of carbon in R. palustris biomass is slightly negative at ¡0.5 (calculated from Carlozzi and Sacchi 2001) , and the carbon in acetate and lactate has an average redox state of 0; therefore, reducing equivalents are necessary to convert the acetate and lactate to cellular biomass. These reducing equivalents can be generated from partial oxidation of the organic compound to CO 2 through the TCA cycle. Thus, the organic compounds are diverged within the cell where they can either be incorporated into biomass directly or can be oxidized to CO 2 . It has been determined through carbon labelling experiments with R. palustris strain CGA009 that when acetate is provided as the sole electron donor, 22% of acetate is oxidized to CO 2 , of which 68% is fixed in the Calvin cycle (McKinlay and Harwood 2010) . The other 78% of the acetate is incorporated into biomass through the glyoxylate cycle. R. palustris is unable to utilize acetate phototrophically in the absence of a functional Calvin cycle (Laguna et al. 2011) .
Assuming that 100% of the electrons harvested through Fe(II) oxidation are used to fix CO 2 , theoretically less of the organic substrate needs to be oxidized in order to provide sufficient electrons for biomass production when iron is provided in addition to an organic substrate. However, as acetate and Fe(II) are consumed sequentially ( Figure 3A) , the electrons from Fe(II) are probably not used to incorporate acetate into biomass. In fact, the cell yield is lower when Fe(II) is provided in addition to acetate ( Figures 2B and 3A) , highlighting a possible toxic effect of Fe(II) on cells (Carlson et al. 2013; Poulain and Newman 2009) or the need to invest carbon and electrons into exopolysaccharide (EPS) synthesis to protect the cell from Fe(III) mineral encrustation (Miot et al. 2009a (Miot et al. , 2009b . In the case of lactate and Fe(II), both substrates are consumed in parallel ( Figure 3C ), pointing towards a facilitation of lactate incorporation. However, as was the case with Fe(II) plus acetate, there was a decrease of the cell yield in the presence of Fe(II) (Figures 2C and 3C ). In addition, when ferrous iron was added to an organic electron donor, this caused a decrease in the acetate oxidation rate, yet the lactate oxidation rate seemed to increase (Figure 3) , in comparison to the organic carbon oxidation rate in absence of ferrous iron ( Figures 2B, 2C) .
When all three electron donors were present simultaneously, all substrates were oxidized in parallel which may point towards a similar Fe(II) facilitation of lactate oxidation, as when Fe(II) and lactate are oxidized in parallel. However, the ratio between remaining Fe(II) and lactate in solution was influenced by the presence of acetate ( Figure 5B ), meaning that in the presence of acetate, lactate was preferred over iron, yet in the absence of acetate, lactate accumulated in the medium solution and more iron was oxidized first. Also, acetate oxidation appeared to be independent of electrons gained from Fe (II) oxidation.
Conclusions and Implications
Though the organic acid concentrations in this study were high in comparison to environmental concentrations, they are well within the range used for cultivation of PNSB (Albers and Gottschalk 1976; Jiao et al. 2005; McKinlay and Harwood 2010) . Our results thus allow us to draw conclusions on the electron donor preference and carbon flow of PNSB under typical laboratory cultivation conditions. The preferential growth substrate tested in this study with R. palustris was acetate, which is commonly available in most habitats of phototrophic bacteria. Other strains of PNSB have also been shown to promote organic carbon acquisition through phototrophic Fe(II) oxidation (Caiazza et al. 2007) and promote growth on Fe(II) oxidation by addition of an organic co-substrate (Ehrenreich and Widdel 1994; Heising and Schink 1998) . R. palustris strain TIE-1 grew photoautotrophically with ferrous iron only (Figure 2A) , as has been shown before for other PNSBs (Ehrenreich and Widdel 1994; Jiao et al. 2005) . Although this behavior is observed in the presence of relatively high concentrations of carbon and iron, it is at present not clear whether their electron donor preference would be the same at lower substrate concentrations typically present in the environment. This illustrates the need for experiments with lower substrate concentrations in environmental studies, which closer mimic the natural environment.
Environmental Fe(II) concentrations are subject to constant fluctuations caused by day-night cycles ) and mechanical mixing (Chubarenko et al. 2003; , which influence the redox zonations. Algal blooms (Peeters et al. 2007 ) and seasonal temperature variations control the organic carbon influx into the sediments. Thus, the ability to harvest electrons from various donors allows PNSB to survive in heterogeneous environments which is of great significance to the microbially mediated iron cycle. As growth with ferrous iron was possible in parallel with lactate consumption but sequential to acetate utilization, the environmental role of phototrophic Fe(II)-oxidizers may be constrained by the identity and concentration of organic substrates present simultaneously. As a consequence, microbial iron cycling in may be constrained in photic zones rich in bioavailable organic material.
